Genome-wide association studies have identified common variants associated with chronic obstructive pulmonary disease (COPD). Whole-genome sequencing (WGS) offers comprehensive coverage of the entire genome, as compared with genotyping arrays or exome sequencing. We hypothesized that WGS in subjects with severe COPD and smoking control subjects with normal pulmonary function would allow us to identify novel genetic determinants of COPD. We sequenced 821 patients with severe COPD and 973 control subjects from the COPDGene and Boston Early-Onset COPD studies, including both non-Hispanic white and African American individuals. We performed single-variant and grouped-variant analyses, and in addition, we assessed the overlap of variants between sequencing-and array-based imputation. Our most significantly associated variant was in a known region near HHIP (combined P = 1.6 3 10 29 ); additional variants approaching genome-wide significance included previously described regions in CHRNA5, TNS1, and SERPINA6/SERPINA1 (the latter in African American individuals). None of our associations were clearly driven by rare variants, and we found minimal evidence of replication of genes identified by previously reported smaller sequencing studies. With WGS, we identified more than 20 million new variants, not seen with imputation, including more than 10,000 of potential importance in previously identified COPD genome-wide association study regions. WGS in severe COPD identifies a large number of potentially important functional variants, with the strongest associations being in known COPD risk loci, including HHIP and SERPINA1. Larger sample sizes will be needed to identify associated variants in novel regions of the genome.
Chronic obstructive pulmonary disease (COPD) is among the top four leading causes of death in the United States and worldwide (1) . Although COPD is highly influenced by smoking behavior, genetic factors do play a significant role and can explain up to 60% of disease susceptibility (2) (3) (4) . Several genome-wide association studies (GWAS) (with up to z15,000 cases and z50,000 control subjects) have been successful at identifying and replicating common variants associated with moderate effects on risk for COPD (4) (5) (6) (7) (8) (9) (10) . Still, a large proportion of heritability remains unexplained (11) . Although the major contributors to this "missing" heritability may be additional common variants, rare variants may explain some portion of this missing heritability (12) and, more importantly, may identify new biologic insights and be important for individual risk prediction. Indeed, in addition to SERPINA1 (9, 13) , studies have identified rare variants in cutis laxa genes (including ELN [14] and FBLN5 [15] ) and telomerase pathway genes (including TERT [16] ) that increase risk of COPD.
Whole-genome sequencing (WGS) allows a comprehensive analysis of the entire genome. In contrast to array-based genotyping and imputation, the standard approach in GWAS, WGS allows investigation of rare variants that cannot be imputed well using standard reference panels. In contrast to exome sequencing, the most common current method of identifying rare variants, WGS includes important noncoding regions but also improves coverage of coding regions (17) . Recently, the development and remarkable drop in cost of sequencing techniques has allowed several consortia to provide population-based WGS data (18, 19) . Through the Trans-Omics in Precision Medicine (TOPMed) program, we sought to identify novel genetic determinants for COPD and identify additional variants in previously associated genomic regions that contribute to risk for this complex and heterogeneous disease.
In this article, we report a WGS study of severe COPD in two ethnic populations. We performed an association analysis of 1,794 unrelated individuals from the Boston Early-Onset COPD Study and COPDGene cohorts, assessed the impact of these common and rare sequenced variants on risk of severe COPD, and compared the variants in the same subjects from two sources of data: sequenced and imputed.
Methods Subject Selection
The COPDGene and Boston Early-Onset Study have been described previously (3, 20) . Individuals were selected for sequencing from two populations: non-Hispanic white (NHW) and African American (AA) individuals. Case individuals had severe and very severe COPD (as defined by the Global Initiative for Chronic Obstructive Lung Disease [GOLD]: GOLD 3 and GOLD 4) with a mean (SD) FEV 1 percent predicted of 33% (611%). Control subjects had normal lung function with an FEV 1 percent predicted of 101% (611%) and a history of past or present smoking. The cases and control subjects were ascertained by age (young cases vs. old control subjects); therefore, an age covariate was not included in the models used in this association analysis (Table 1) .
Population Structure
We used a modified principal component analysis method (21) to correct for population structure. This approach uses the Jaccard similarity on variants with low minor allele frequencies (MAFs) and hence has the advantage of recovering more recent admixture based on WGS data.
Single-Variant Analysis
Quality control procedures for genomic data are described in the data supplement. EPACTS v3.2.6 (22) was used to perform a Firth logistic regression for case/control status, correcting for pack-years of smoking and Jaccard-based principal components (JPCs) of genetic ancestry within racial group. Analysis was performed separately in NHW and AA individuals, for whom we used two JPCs. Furthermore, when the two populations were analyzed together, we used 10 JPCs. The genome-wide significance level was set to 5 3 10
28
, owing to block correlation (linkage disequilibrium [LD]) structure of the variants. The suggestive significance level was set to 5 3 10 28 , P , 5 3 10
26
. Only variants on autosomes were analyzed in this study.
Region-based Analysis
The whole genome was partitioned into nonoverlapping regions using a spatial clustering approach (23) . Briefly, it is assumed that the occurrence of variants along the genome varies spatially, and these occurrences are modeled as a Poisson process. Nonoverlapping regions are formed around variants in close proximity to each other. Only groups with at least five variants were kept for this analysis. First, regions were built on the basis of all variants and tested with SKAT-RC (24) . Next, regions were built by considering only rare variants (MAF <0.01). Those regions were tested using SKAT-O (25). The significance level was set to 5 3 10 28 for this analysis on the basis of Bonferroni correction.
Gene-based Analysis
Gene borders were extracted from the National Center for Biotechnology Information Reference Sequence Database, and an additional window of 50 kb was taken on either side of each gene. We used a faster implementation of the SKAT (SNPset [Sequence] Kernel Association Test) (26) to incorporate the large number of sequenced variants within genes. Similarly to region-based analysis, we first used all variants in the defined genes and then considered only rare variants. The significance level was set to 2 3 10 26 on the basis of Bonferroni correction.
Results
Baseline characteristics of sequenced samples are shown in Table 1 This article has a data supplement, which is accessible from this issue's table of contents at www.atsjournals.org. GOLD 4 (very severe COPD), and 973 control subjects had normal function and a history of smoking. After variant calling and quality filtering, there were 63 million single-nucleotide variants (SNVs) and 3.7 million indels. Among these SNVs, there were 30 million singletons (i.e., variants that occurred exactly once in the entire dataset).
Single-Variant Analysis
Our primary SNV analysis combined all subjects and adjusted for ancestry using JPCs. This analysis confirmed previously reported genome-wide significant associations near the HHIP gene and suggestive associations in the 15q25 region ( Figure 1 , Table 2 ; see also Figures E1-E3 and Table E1 in the data supplement).
Next, we performed single-variant analysis within each population (NHW and AA). In the NHW population, we found suggestive (5.0 3 10 28 , P , 5.0 3 10 26 ) associations near HHIP, TNS1 (rs191759874; MAF = 0.01). In the AA population, we found suggestive associations near IRX5 (rs142208844; MAF = 0.01) and SERPINA6/SERPINA1 (rs2402444; MAF = 0.088) (Figures E4 and E5 and Table 2 ). We have previously described associations in SERPINA1 with severe COPD in NHW individuals due to LD with the Z allele (9) . In the present study, we sought evidence that the association in AA individuals was due to well-recognized variants in SERPINA1. However, although rs2402444 is in strong LD with the Z allele (D9 = 1; R 2 = 0.06), the association was only minimally attenuated after conditioning on the Z and S alleles in SERPINA1 (conditional P = 9 3 10 26 ). This same variant was not significantly associated with COPD in NHW individuals (MAF = 0.206; P = 0.52); furthermore, this variant was imputed (R 2 = 0.81) in AA individuals, allowing us to test all of the COPDGene AA population, including those with less severe (GOLD 2-4) disease. This association was less significant (P = 0.03), indicating that the association in our study may be limited to those with severe disease. We hypothesized that such an association could be due to rare coding variants in strong LD with this variant among AA but not NHW individuals (27) . However, we were unable to find any such rare coding variants in our WGS data. Next, we searched for noncoding variants in strong LD (D9 . 0.7) with this variant, a higher MAF among AA individuals, and P , 0.05 or absent among control subjects. Of the 219 variants within 250 kb, none attenuated the signal (P value after adjusting for our best variant, rs138899312, 2.6 3 10
23
). Finally, we searched for correlation with alpha-1 concentrations using imputed genotyping data in 1,570 unrelated AA individuals from the Multi-Ethnic Study of Atherosclerosis (MESA) (28, 29) (see data supplement). Neither rs2402444 nor rs138899312 was associated with alpha-1 antitrypsin concentrations (P . 0.8); in addition, of the 219 variants mentioned above, only 145 were present in MESA, and of those, two had a nominally significant P value (rs191351588, P = 0.005; rs546321637, P = 0.03). Thus, despite a fairly comprehensive evaluation, Definition of abbreviation: MAF = minor allele frequency.
For additional single-variant information, see Table E1 in the data supplement. Positions are based on GRCh37/Hg19.
we were unable to find strong supportive evidence for a specific causal variant(s) for COPD in the SERPINA1 locus.
Grouped-Variant Analysis
Aggregating variants may improve statistical power in studies of rare variants. We first performed analysis using known genes as the functional unit. We used a fast implementation of a variance component test (26) . Neither combining rare and common variants together nor using only rare variants alone identified any significant associations (see the METHODS section, Table 2 , and Figures E6 and E7). To aggregate signals from rare variants outside known genes in a systematic way, we partitioned the whole genome into nonoverlapping regions based on the spatial distribution of the variants; this approach has been demonstrated to result in higher power (23) (see the METHODS section and Table E2 ). We used SKAT-RC (24) for all variants (rare and common) and SKAT-O (25) for rare variants only. Again, no region achieved a Bonferroni-corrected genome-wide significance level (Table 2 and Figures E8  and E9 ). Our most significant association in NHW individuals was near HHIP (P = 1.1 3 10 27 ), which contained the top associated variant from our single variant analysis. The identified functional variant previously reported (30) is located nearby, and this was ranked as the fourth most significant regional hit (P = 4.2 3 10 27 ).
WGS versus Genotyping and Imputation
To determine the impact of WGS versus the standard approach of genotyping and imputation, we compared sequenced variants in the TOPMed WGS data of COPDGene NHW and AA individuals with sites that were genotyped and imputed using the Haplotype Resource Consortium (HRC) (Figure 2 ). We excluded all indels because these are not present in the HRC dataset. variants, of which a substantial number were not present in the quality-controlled WGS dataset: 777,306 NHW and 915,959 in AA (see corresponding section of the data supplement). For variants present in both datasets, we calculated the discordance between imputed data and sequencing data. The nonreference discordance (NRD) was higher for SNVs with low MAF, even when they appeared to be of high imputation quality ( Figure E10 ). For common variants, the discordance was substantially higher in AA than in NHW individuals. Surprisingly, we found a greater discrepancy between imputation quality and NRD for common variants located within long-range LD regions: unusually long blocks of variants in high LD with each other. In these regions, we saw a very good concordance between WGS data and imputed data, even for variants with a low imputation quality ( Figure E11 ). In NHW individuals, of 196 variants with 0.5 less than or equal to R 2 less than or equal to 0.7 and NRD less than or equal to 0.05, 180 variants were found to be part of long-range LD regions, as defined previously (31 
. Bar plots of variant loadings in WGS and HRC-imputed data for (A) non-Hispanic white individuals and (B) African American individuals.
The quality of the overlap was measured on the basis of an NRD cutoff of 5%. Common variants correspond to variants with MAF greater than 5%, low-frequency variants with MAF between 1% and 5%, and rare variants with MAF less than or equal to 1%. HRC = Haplotype Reference Consortium; MAF = minor allele frequency; NRD = nonreference discordance; WGS = whole-genome sequencing.
parameters, there were 68 variants found in long-range LD regions.
Candidate Gene and Loci Analysis
We further investigated 22 regions found to be associated with COPD in our most recent GWAS on more than 63,000 individuals (10). We first compared overall results from genotyping and sequencing data. We compared WGS association analysis with imputed genotype association analysis using a subset of these same individuals (1,725 subjects) (see data supplement). In general, the association statistics based on WGS were highly correlated in NHW (Pearson's correlation chi-square = 0.91). The correlation in AA individuals was lower, 0.79, consistent with poorer coverage of non-European subjects by existing genotyping arrays and imputation methods.
In addition to discovery of novel regions, sequencing may identify rare variants in previously described regions (32) or may identify variants of interest that might be causal in a fine-mapping context. Using WGS data, we found an additional 297 nominally (P , 0.05) significant variants in NHW individuals and an additional 832 nominally significant variants in AA individuals, which were not previously seen in analysis of imputed variants on this same set of individuals for these 22 regions. Of those variants, 53 and 620 in NHW and AA individuals, respectively, had an MAF less than or equal to 1%. However, none of these variants was significant after Bonferroni correction for the total number of variants in the 22 regions.
We also searched for variants seen only in WGS in LD (using D9 < 0.8) with the top previously reported variants or proxy (R 2 . 0.95) (see data supplement). Of 51,788 novel variants (among NHW individuals) and 100,588 (among AA individuals) variants, we found 9,085 (including 9,013 rare, with MAF <1%) in NHW individuals and 16,850 (16,744 rare, with MAF <1%) in AA individuals present only in the WGS data to be in LD with the top variant and to have an annotation suggesting some possible functional role (see data supplement for definition of functional). Among these, 495 variants in NHW individuals and 702 variants in AA individuals were annotated by ANNOVAR (33) as being within one of the six most "damaging" consequence categories (see data supplement and Tables  E3 and E4 ). Together, these data illustrate the large number of potential COPD functional variants found by sequencing (Figure 3) .
Previously, Radder and colleagues performed a WGS study on emphysema with severe airflow obstruction in 129 individuals (34) and identified suggestive associations for variants in the ZNF816 and PTPRO genes. We evaluated whether these findings were replicated in our gene-and region-based association tests, but neither ZNF816 nor PTPRO was significant (all P . 0.05) in our populations. We further looked for the four reported nonsynonymous variants in PTPRO by Radder and colleagues. rs61754411 gave P = 0.013 in our combined single-variant analysis, but this variant had an effect in the opposite (protective) direction from the previous work. We further assessed variants in CCDC38 and MECOM, which were previously shown to be associated with lung function in exome and targeted sequencing (35, 36) . CCDC38 and rs10859974 had nonsignificant P values (P . 0.05) in our aggregate and single-variant analyses, although rs10859974 in the NHW population had a higher MAF seen among control subjects, directionally consistent with the previous reports (37) . Rare variants in MECOM (P = 0.014) were found to be nominally significantly associated with severe COPD in our rare variant region-based analysis.
Finally, we assessed a list of candidate genes based on Mendelian syndromes, including cutis laxa and telomerase pathway genes (Table E5 ). Although none of these genes survived correction for multiple hypothesis testing, we found three genes in NHW individuals (PYCR1, P = 0.007; RTEL1, P = 0.05; RIN2, P = 0.03) and two genes in AA individuals (ALDH18A1, P = 0.05; FBLN5, P = 0.05) to have a nominally significant P value in the gene-based analysis. We next aimed to find unique nominally significant sequenced variants within candidate Mendelian genes, adding a 50-kb window to both sides, that were missed in analysis of imputed genotypes. We found 37 nominally significant variants in NHW individuals and 228 nominally significant SNPs in AA individuals. Of these variants, 43 had an annotation suggesting possible functional evidence (see data supplement section for definition, as well as Table E6 ). Finally, within candidate genes, we searched for SNVs with a known relationship to existing phenotypes as reported in the ClinVar database (38) . Among the Mendelian genes listed in Table E5 , we found 49 variants reported in ClinVar. For three of these variants associated with diseases under an autosomal recessive inheritance pattern, no individual in our dataset was homozygous for the alternate allele. Seven variants were associated with diseases with autosomal dominant inheritance patterns, though most were of unclear clinical significance (Table E7) .
Discussion
We performed a WGS study of severe COPD in NHW and AA individuals drawn from the COPDGene and Boston EarlyOnset COPD studies. We searched for novel genetic signals for severe COPD and examined previously identified genes and regions using these sequencing data. We performed single-variant and groupedvariant analyses (both genome-wide and in known candidate genes and regions). We also performed a thorough comparison of sequenced and imputed variants. This work is the largest WGS study in COPD and among the largest in chronic lung disease to date.
Our single-variant and region-based analyses confirmed associations between variants near HHIP and CHRNA3 genes as influencing risk for severe COPD. Although no additional variants or regions were significant, our top-ranked associations included TNS1, which was previously described to be associated with lung function but not previously reported in COPD (39) , and a suggestive association (for rs2402444) in AA individuals upstream of SERPINA6 and near SERPINA1. Many studies have shown that variants in SERPINA1 cause alpha-1 antitrypsin deficiency. We have previously described associations in this region with emphysema and severe COPD (9, 40, 41) driven by heterozygous associations with the Z allele. In contrast, this association was not attenuated by conditioning on the well-recognized PI*Z allele. Despite the use of sequencing data, we were unable to find conclusive evidence that this signal was driven by rare variants in or near the SERPINA1 gene. Additional investigation in AA individuals with WGS data may be needed to detect possible rare variant contributions in controlling risk for severe COPD in this region; in general, our study suggests that the present sample size does not yield enough power to identify novel rare variants in risk for severe COPD.
Our study highlights the additional contributions and challenges of analyzing WGS data for lung disease in relation to the standard GWAS, in which the investigator must rely on reference panels to impute variants not genotyped. Although most of our association signals in single-variant analysis were common, the top hits in NHW individuals near TNS1 and in AA individuals near IRX5 were rare (allele frequency around 1%). We discovered 1,129 new nominally significant variants in 22 loci previously associated with COPD; of those variants, 673 were rare. We showed that a small but not insignificant number of common variants and most rare variants (66%) could not be identified when relying on existing imputation panels, and this problem is dramatically worse in AA samples, which not only harbor more rare genetic variation but also have less representation on current imputation panels. Furthermore, imputed rare variants in the same set of individuals show poor concordance with sequenced variants found by WGS, even when filtering for imputed variants of highest quality. Imputation works much better on variants with higher MAF, as expected. One interesting observation was related to common variants in regions of longrange LD. We found that poorly imputed common variants tend to show a very good concordance with the sequenced variants in those regions. This implies that imputation quality statistics might be misleading for these regions of longrange LD. We also found a small percentage of variants present in the imputed data but completely absent in the WGS dataset. This could indicate that some proportion of variants is being missed by current sequencing technologies or being excluded by current quality control approaches. WGS also identified rare variants of potential pathogenic significance not identified by GWAS and imputation. We could not find strong evidence of potential association for candidate genes in the cutis laxa and telomerase pathways; however, lack of functional knowledge of individual variants could contribute to a lack of association in these gene-based tests. We also were not able to replicate recently described associations based on sequencing data; for example, we found no association between markers in the PTPRO and ZNF816 genes, identified on the basis of WGS data. The top SNP in PTPRO reported by Radder and colleagues (34) was nominally significant in our combined single-variant analysis, but it displayed a protective effect on risk of severe COPD, opposite to that previously reported. Potential reasons for these null findings might include lack of power to replicate other studies with our modest sample size in this WGS study, differences in study populations, or that the reported findings were false-positive results.
Our study has several limitations. First, although the largest WGS study of COPD to date to our knowledge, our sample size was limited compared with studies using genotyping, such as those in recent metaanalysis of multiple GWASs (8, 10) . We had two different populations, which further reduced our sample size to detect population-specific genes and variants controlling risk for COPD. Our AA population was not only smaller but also more diverse; recently, others have argued that owing to increased genetic diversity, a more stringent significance-level cutoff should be used in genomes with African ancestry (42) . Thus, an even greater effort to expand AA samples is likely necessary to achieve comparable power. We used a spatial clustering algorithm to group our variants for region-based testing, which allowed us to reduce the multiple testing burden; however, the optimal method to test for rare variants is still not clear, and one issue for nearly all rare variant testing methods is the inclusion of too many variants exerting no effect on the phenotype, which reduces their power.
Although GWAS using genotyping arrays have been the most common tool for identifying genetic associations for complex diseases such as COPD, WGS provides a comprehensive assessment of the entire genome. Our findings demonstrate the utility of WGS for variant identification, particularly for rare variants and in nonEuropean samples. The best strategy for genetic association studies will depend on the nature of the variants (rare vs. common) and the population studied. The advent of TOPMed and other larger WGS efforts, which include large numbers of nonEuropean populations, will allow the construction of better imputation reference panels. Thus, we expect that genotyping arrays will continue to be used for studies of common variants and leveraging these panels for increasingly accurate imputation for rarer variants.
However, studies of rare or poorly imputed variants and in unique populations, as well as studies that require comprehensive variant identification such as fine mapping, will benefit from sequencing. In addition, with the drop in sequencing price, technological improvements, and increases in sequencing quality, WGS may eventually obviate the need for genotyping and imputation. Our study also highlights the importance of larger sample sizes in sequencing studies and the need to improve tools for functional annotation of the noncoding genomic regions to allow maximal use of WGS data and to discover new associations with COPD. n Author disclosures are available with the text of this article at www.atsjournals.org.
